This review critically discusses the most recent
In mammals, there are four known Notch receptors (Notch 1-4) and five ligands belonging to the Jagged (Jagged1, 2) and Delta-like (Delta-like, Dll1, 3, and 4) family. Signaling upon ligand-receptor binding leads to sequential proteolytic cleavage processes in the Notch receptor extracellular and transmembrane domain to release the Notch intracellular domain (NICD). NICD translocates into the nucleus where it binds and converts the DNA-binding recombination signal binding protein (RBP)-Jκ from a transcriptional repressor into an activator resulting in transcription of Notch target genes (Fig. 1A) . Notch signaling is rapidly switched off by proteasomal NICD degradation and turnover of the activator complex. This core signaling pathway is nominated 'canonical' pathway and is most commonly used in Notch-dependent processes (see Fig. 1B legend for 'non-canonical' Notch signaling).
Despite its simple design, Notch signaling can mount diverse and even opposite biological effects that are highly context-specific in a time-, gene dose-, and cell type-dependent manner. There are no second messengers involved to amplify Notch signal transduction, resulting in a 1:1 transmission of signal input to output, thus sensitizing cells to small changes in Notch activity. The diversity in cellular responses may be generated through several means. For example Notch ligands and receptors are subject to extensive posttranslational modifications that affect their synthesis, secretion, endocytic trafficking, and degradation (1, 2) . Signaling diversity is also generated at the transcriptional level, where gene sets produced from Notch activation may greatly vary. There are only a handful classical Notch targets genes, among which the best characterized belong to the HES or HEY family, which execute most biological processes and partially underlie target specificity of different Notch receptor paralogs. However, countless other genes can be also regulated in parallel of these direct Notch target genes. This may be accomplished by intense cross-talk with other signaling pathways such as the Wnt/β-catenin, TGFβ, PI3K/AKT, Shh, HIF-1α, or NF-κB pathway, through direct or indirect interactions with Notch signaling components (3) (Fig. 1B) .
Notch signaling is reiteratively used during development of organs and tissues determining the lineage segregation of progenitor cells. Unsurprisingly, mutations in Notch genes can result in a variety of hereditary disease syndromes affecting many organs including the liver (4) . However, the significance of Notch in determining mammalian cell fates (and functions) during development extends beyond birth and it is now clear that in adult tissues Notch is also required for tissue homeostasis in self-renewing organs. Notch signaling is frequently reactivated together with other developmental and morphogenic signaling pathways upon organ injury to orchestrate the interplay, differentiation, and proliferation of distinct cell types and adult progenitors for tissue repair, deregulation of which may ultimately result in carcinogenesis.
In mammalian livers, all Notch ligands and receptors are transcriptionally expressed. However, only for few of them there is unequivocal consent about their cell-specific localization. Their functional significance can only be guessed, because of the contextspecific, unpredictable nature of Notch signaling. Mice homozygous for null mutations in most Notch ligand and receptor genes are of limited use, because of mostly embryonic lethality. However, availability of conditional cell/tissue-specific Notch loss/gain-of-function animal models has added immensely to our understanding of the diversity of Notch functions in liver development, homeostasis, injury repair, and carcinogenesis (summarized in Fig. 2 ). There is growing evidence that Notch may also modulate key processes of liver vascular biology, liver metabolism, and inflammation, but the overall effects may greatly differ in distinct liver cell compartments. Consequently, modulating Notch signaling by Notch agonistic or antagonistic therapeutic strategies in liver disease may be beneficial in one compartment but may have detrimental side effects in others. Here, we summarize recent findings and critically discuss evolving concepts of Notch signaling in the liver.
Notch in liver Development
A role for the Notch signaling pathway in liver development was first established in 1997 when genetic studies uncovered mutations in the JAGGED1 (JAG1) gene in most patients with 'Alagille Syndrome' (ALGS) (5, 6) . Paucity of intrahepatic bile ducts (IHBD) is considered the pathological hallmark, however, as with extrahepatic manifestations of ALGS, liver phenotypes may show a remarkably variable expressivity ranging from subclinical liver enzyme elevation to severe cholestasis, to cirrhosis requiring liver transplant. A series of genetic studies in mice and zebrafish have clearly established an arbitrative role of Notch in determining biliary cell fates and guide proper morphogenesis of the developing biliary tree (7) (8) (9) (10) (11) (12) (13) (14) (15) , (Table 1 , please refer to Fig. 3 legend for a description of IHBD development).
Compound heterozygous mice for Jagged1 and a hypomorphic Notch2 allele (Jag1 +/− ;Notch2 +/del1 ) or mice homozygous for hypomorphic Notch2 (Notch2 del1/del1 ) display several features of ALGS, including postnatal IHBD paucity (7) . Consistent with the hypothesis that Jagged1/Notch2 interactions are crucial for normal IHBD development, NOTCH2 mutations have been identified in ALGS patients negative for known JAG1 mutations (16) . Experimental inactivation of both Notch2 alleles in embryonic hepatoblasts using the AlbCre mouse strain (N2 F/F ;AlbCre, N2 F/− ;AlbCre, or N2 F/del1 ;AlbCre) did not affect biliary specification of the single layer ductal plate (DP) (10, 11, 13) . However, further perinatal IHBD morphogenesis is impaired leading to paucity of mature bile ducts at the lobe periphery. Similar phenotypes are observed after hepatoblast-specific deletion of Rbp-Jκ, the master transcriptional downstream mediator of canonical Notch, using AlbCre or AlfpCre animals (12, 13, 17) . These Notch-defective mice display periportal irregular ductular structures that appear to arise from some degree of biliary conversion of hepatocytes rather than from the DP (17) and likely represent a rescue attempt when developmental tubulogenesis of the biliary tree is impaired. Ductular reactions (DRs) are variably observed in ALGS patients (18) . It is tempting to speculate that the degree of biliary transdifferentiation of hepatocytes is one of the factors responsible for the variable clinical outcome of ALGS. Accordingly, in a series of severe ALGS cases requiring liver transplantation, ductular structures were absent with an abundance of CK19-/CK7+ hepatocytes likely stuck in the transdifferentiation process (19) .
These initial studies showed that Notch is important for IHBD morphogenesis and elongation but its role in biliary specification of the single layer DP remained unclear, possibly because of the incomplete recombination of floxed Notch alleles in hepatoblasts, when using AlbCre or AlfpCre animals (10) (11) (12) . Using the Foxa3Cre mouse strain to inactivate Rbp-Jκ well before DP specification, Zong et al. found a reduced number of Sox9+ DP cells and less CK19+ bile ducts at P0 (12) , demonstrating that Notch also determines initial lineage commitment of hepatoblasts to biliary cells.
In support of this view, N1ICD-or N2ICD-expressing gain-of-function models demonstrated conversion of bipotential hepatoblasts to the biliary lineage (12, 13, 17, 20, 21) . Notably, N1ICD and N2ICD exert largely redundant functions in hepatoblasts when overexpressed; however, Notch2 appears to be the predominant receptor expressed in developing biliary epithelia and clearly mediates the bulk of Notch effects during normal IHBD development (11, 13) . The portal mesenchyme is likely the critical compartment harboring the Jagged1 signal-sending cells instructing hepatoblasts into biliary cells and guiding IHBD tubulogenesis (14) . Remarkably, however, biliary cell specification and morphogenesis are never blocked completely in Notch mutant models; even after inactivation of all canonical Notch early in development (Rbpj F/F ;Foxa3Cre mice) specification of DP cells takes place, albeit reduced by about 50% (12) . There are several candidate genes regulated by Notch that are critical for IHBD development, including Sox9, HNF1β, and Hes1; however, it is increasingly appreciated that there is no single or few transcription factor(s) in chief downstream of Notch that mediate all biological effects on IHBD development. Rather, Notch is embedded in an intensely cross-communicating signaling network, requiring the common action of the TGFβ, Wnt, FGF, and multiple other signaling pathways (22, 23) to define a transcriptome that allows hepatoblasts to enter the biliary lineage and maturate to biliary ducts.
Notch in liver repair
A role of Notch signaling in post-natal liver homeostasis and liver disease is becoming evident. Recent studies propose that Notch plays a key role in progenitor cell-mediated liver repair and in reparative morphogenesis of the biliary tree. Liver repair mechanisms are intended to regenerate the structures of the hepatic lobules and biliary tree, however, in chronic damage conditions, these set of tools may actually promote a pathologic repair process that leads to liver fibrosis, architectural distortion and liver cancer.
Liver regeneration
The liver's capacity to regenerate in response to injury is best observed after acute loss of liver mass, i.e. by partial hepatectomy (PH), when a sequence of highly orchestrated cellular events induce quiescent hepatocytes to proliferate and restore liver mass and function. Earlier studies showed up-regulation of Notch factors early after PH and a reduction in post-PH proliferative capacity of hepatocytes after siRNA-meditated gene silencing of Jagged1 or Notch1 (24) . However, recent studies found that inactivation of Notch1 in all liver cell compartments (Notch1 F/F ;MxCre mice) caused lesions similar to nodular regenerative hyperplasia (NRH). Closer analysis revealed that disruption of Notch signaling within liver sinusoidal epithelial cells (LSECs) rather than in hepatocytes generated this intriguing phenotype. Inactivation of Notch1 or Rbp-Jκ caused LSEC dedifferentiation and proliferation with neovessel formation/malformation and deregulation of several angiocrine signals that proved essential not only for angiogenesis, but also for inductive paracrine signaling to hepatocytes in liver regeneration after PH (25, 26) (for further discussion of the role of Notch signaling on angiogenesis see supplementary material). In line with these observations, genetic inactivation of Notch1, Notch2, Rbp-Jκ, or Hes1 in the hepatoblastderived compartments (hepatocytes and BEC), but not in LSECs, failed to reproduce the spontaneous proliferation phenotype of hepatocytes (11, 13, 17) observed in MxCre-based mouse models (25) (26) (27) . Furthermore, hepatocyte proliferation appears normal after PH in Notch1 F/F ;AlbCre or Hes1 F/F ;AlbCre animals (F. Geisler, unpublished observation). Thus, there is no conclusive evidence that Notch signaling within hepatocytes is critical for liver mass regeneration after PH. Rather, these studies highlight the context and cell-type specificity of Notch signaling in the liver and underscore that altering Notch activity levels in the vascular compartment may have multiple indirect effects on other liver cell compartments.
Progenitor cell-mediated regeneration/repair
Unlike liver regeneration after resection, dominated by division of mature epithelial cells, in many cases of liver injury the proliferative ability of hepatocytes and cholangiocytes may be impaired, calling into action a population of cells commonly designated 'hepatic progenitor cells' (HPCs), which niche most likely resides in the canals of Hering (CoH). HPCs expand in response to injury within 'ductular reactions' (DRs) in virtually all forms of human liver disease (28) and it is widely believed that they contain 'real' progenitors able to generate both, hepatocytes and cholangiocytes, when their self-renewing capacity is impaired. In many adult tissues, progenitor cell-dependent regeneration recapitulates embryonic differentiation programs and uses identical signaling pathways and morphogens. Several studies of human DRs found liver injury type-dependent activation of embryonic pathways, such as the Notch, Wnt/β-catenin and/or Shh pathways (29, 30) . These pathways instruct embryonic hepatoblasts towards the biliary or hepatocyte lineage during development and they also appear engaged in growth regulation, morphogenesis, and/or lineage commitment of adult HPCs. Indeed, several groups demonstrated impaired expansion of DRs in various rodent injury models when pretreated with a γ-secretase inhibitor (GSI) to block Notch signaling (30, 31) . In line with these observations, genetic Notch activation by expression of N2IC specifically in the biliary/HPC compartment resulted in spontaneous appearance of DRs (17) , suggesting that Notch is embedded in the complex signaling network regulating HPC activation and expansion.
Boulter et al. suggested that the cellular niche surrounding HPCs, and its paracrine signals determine Notch activity levels and specification of HPCs towards cholangiocytes or hepatocytes, dependent on the type of injury and the morphogenetic signals that are primarily and differentially activated (30) . In biliary damage models, DRs are surrounded by Jag1-expressing myofibroblasts and show high expression levels of Notch target genes, whereas in parenchymal damage DRs radiate into the parenchyma among macrophages and display a blunted expression of Notch targets and biliary markers. In fact, hepatocyte damage leads to Wnt3a release from macrophages and activation of canonical Wnt/β-catenin signaling in HPCs, up-regulation of the Notch repressor Numb, decrease Notch signaling and consequent commitment towards the hepatocyte lineage. This highly attractive hypothesis awaits validation from lineage tracing approaches, as it relies mainly on morphological data and in vitro gene expression analysis.
Strictly speaking, beyond in vitro culture systems and transplantation studies, there is no firm evidence that HPCs contribute in a quantitatively relevant way to the neogenesis of hepatocytes in liver injury (32, 33) . Furthermore, the histogenesis of HPCs is unclear, as several studies suggest also a possible origin from hepatocytes through a process of biliary transdifferentiation. Most likely, the liver possesses several different "reparative tools and protocols" that are differentially activated in response to different damages. It will be of great importance, to reappraise current concepts of HPC lineage allocations using compartment-specific genetic mouse models for signaling pathway modulation combined with well-controlled lineage tracing approaches.
Biliary repair
Liver repair in chronic diseases requires the concerted action of epithelial, mesenchymal and inflammatory cells. Ductular reactive cholangiocytes and HPCs (see above) are central to the cross-talk between these cell types. DRs express several inflammatory mediators, cytokines and receptors that help establish the cellular interactions needed for epithelial healing. Continuous expansion of this reactive cell population is associated with persistent inflammation, mesenchymal cell activation, and portal fibrosis (34) , leading to the typical architectural distortion of progressive liver diseases. Liver morphogenetic pathways, including Notch are activated in HPCs during liver repair to restore liver architecture and function. In ALGS, paucity of bile ducts is associated with impaired biliary differentiation of HPCs, consistent with the hypothesis that Notch is a default inducer of biliary specification (19) . Recent data derived from liver-specific Rbp-Jκ and Notch2 mouse mutants indicate that canonical Notch is essential to mount an effective HPC response after liver damage where Notch2 mediates proper biliary tubular morphogenesis (31) . Tubule formation is a fundamental aspect of biliary repair, and failure to regenerate a proper branching structure results in parenchymal necrosis or vanishing bile duct syndrome and fibrosis, as it happens in end-stage cholangiopathies. Cell-cell interactions between Notch-expressing HPCs and Jag1-expressing portal fibroblasts regulate biliary specification of HPCs, and, likely, tubule formation. As mentioned above, the histogenesis of HPCs is not completely understood. Recent studies add further credit to the hypothesis that, depending on the type of liver injury, HPCs/DRs may derive a Notch-dependent reprogramming of hepatocytes (17, 35, 36) . This is consistent with reports showing that intrahepatic cholangiocarcinoma may also derive from hepatocytes (37, 38) .
Fibrosis/ Inflammation
Pathologic repair leads to liver fibrosis, the main determinant of liver disease progression. Notch signaling components are expressed both in epithelial and mesenchymal liver cells, where they appear to be up-regulated during repair. In fact, Jag1 is expressed by DRs, hepatocytes, and activated hepatic stellate cells (HSC), and is strongly up-regulated in injured livers. The role of Jag1 in hepatic HSC biology is unclear. Jag1 may be important to maintain the stem cell niche and HSC quiescence, however, more recent data suggest that exposure of HSC to Jag1 stimulates αSMA and collagen production (39) (Strazzabosco, unpublished observation). It is intriguing that in patients with ALGS (in which Jag1 is defective) there is limited deposition of fibrotic tissue and a slow progression to cirrhosis (19) . Notch activation and upregulation of Notch3 in myofibroblasts has been described in an experimental rat model of CCl 4 -induced liver fibrosis. In this model, pharmacological Notch inhibition reduced the extent of liver fibrosis (40) .
Notch signaling may also be involved in liver fibrosis by modulating the inflammatory response and the function of macrophages. Notch signaling regulates macrophage function by controlling genes involved in the M1 polarization. In fact Rbp-Jκ and TLR4 have been shown to cooperate to induce the translation of key transcription factors (such as IRF8) associated to M1 activation of macrophages (43) . Furthermore, macrophage recruitment and macrophage cytokine secretion in response to LPS/IFNγ are decreased in Notch1 +/− mice (41) . Thus, in Notch1 +/− mice, reduced M1 polarization is accompanied by a reduction in TLR4-triggered inflammatory responses (42) . Although available data do not permit to solve the role of Notch signaling in inflammation it is safe to conclude that Notch plays a role in the modulation of innate immune responses and also it is regulated by immune stimuli.
Notch in liver carcinogenesis
The role of Notch signaling in hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC) is being actively investigated. The key features of cirrhosis, necroinflammation, fibrosis and HPC-driven hepatic reparative processes may favor the reprogramming of HPCs into cancer stem cells (44) . In fact, a subset of tumors that exhibit characteristics of both ICC and HCC may arise from the HPCs compartment, and show gene expression signatures of Notch activation (see also ref (45)). Gain-of-function mutations of Notch receptors have not been reported yet in solid tumors, however there is increasing evidence that inappropriate Notch pathway activation occurs in several tumors, including liver cancers, and that Notch signaling may promote oncogenesis by activating a subset of Sox9 and K19-positive progenitors.
Several mouse models have been created to characterize the role(s) of Notch in liver cancer ( Table 2) , and are mostly consistent with the concept of Notch acting as an oncogene, however, uncertainties remain on its tumor-suppressive vs. tumor-promoting role. Furthermore, mouse models supporting an oncogenic function of Notch have yielded unexpected or mixed histological phenotypes. This is not surprising, given the role of Notch as a master regulator of cell fate determination (37, 38, (46) (47) (48) . Constitutive activation of Notch1 in embryonic hepatoblasts (N1IC;AlfpCre mice) promoted HCC development with 100% penetrance (47) . These tumors recapitulated all stages and differentiation patterns of human hepatocarcinogenesis and were associated with IGF2 co-activation due to reactivation of Igf2 promoters. Most interestingly, a Notch gene signature obtained from these tumors was also found in 1/3 of human HCCs from different etiology (47) . Similarly, in mice with constitutive expression of N2IC in hepatoblasts (N2IC;AlbCre) HCC development was dramatically accelerated and accompanied by the appearance of mixed HCC/ICC tumors upon treatment with the carcinogenic diethylnitrosamine (48) . In both studies, HCCs showed high Sox9 expression and were surrounded or intermingled with HPC-like ductular cells. Similarly, mice with constitutive hepatoblast-specific activation of N1IC (N1IC;AlbCre), developed undifferentiated tumors classified as ICCs; in this model cyclin E was identified as a Notch-regulated downstream effector of tumorigenesis. Tumors in N1IC;AlbCre animals frequently displayed progenitor-like features and consequently, N1IC overexpression in a HPC cell line (derived from embryonic hepatoblasts) led to cholangiocarcinoma formation in orthotopic transplantation experiments; furthermore, the additional inactivation of p53 was reported to increase tumor burden (49) .
It remains puzzling why N1IC expression led to either HCC or ICC formation in nearly identical models (46, 47) and why additional diethylnitrosamine treatment in N2ICexpressing animals resulted in a phenotypic shift from HCC to ICC (48) . Because all models with persistent Notch activation displayed varying histological features of adult HPC expansion or tumors with biphenotypic/stem cell characteristics, HPCs are the likely cellular compartment prone to undergo Notch-induced malignant transformation (46) (47) (48) . Unfortunately, the use of AlbCre or AlfpCre animals precludes such a conclusion as all hepatoblast-derived lineage cells, hepatocytes, cholangiocytes, and adult HPCs, are equally subjected to Notch-activation in these models. In fact, hepatocytes can adopt a ductular biliary-like morphology with the expression of biliary/HPC markers (Sox9, OPN, CK19, A6) and concomitant downregulation of hepatocyte markers (Albumin, HNF4α) in response to chronic injury (35, 36, 50) or after over-expression of N1IC or N2IC (12, 17) . Recent studies provided strong evidence that adult hepatocytes can indeed be ICC precursors. While hydrodynamic tail vein injection of AKT plasmids caused HCC development, the additional delivery of N1IC (AKT/N1IC) led to the rapid emergence of invasive ICC that in a combined lineage tracing approach were shown to arise from hepatocytes (38) . Sekiya et al. selectively fate-traced the adult CK19+ biliary or the Albumin+ hepatocyte compartment in the thioacetamide (TAA)-induced tumor mouse model and found ICCs to arise from transdifferentiated hepatocytes (37) . Inducible hepatocyte-specific overexpression of N1IC accelerated ICC development in the TAA model (37) . Beyond the TAA model, a recent study using in vivo electroporation of oncogenic Kras into p53 deficient livers without genetic Notch activation also identified hepatocytes as potential precursors of ICC (51) . It is likely that, similar to biliary specification during embryogenesis, the signaling network regulating hepatocyte dedifferentiation/conversion to biliary cells involves several other signaling pathways besides Notch, that may act independent or in concert with Notch. In light of these studies (12, 17, 35, 36, 51, 52) , hepatocytes at least equally qualify as candidate cells of origin for all types of epithelial liver cancer where Notch may act as both, tumor promoter and/or signaling pathway to fate change phenotypical lineage identities. Whether adult HPCs residing in the biliary compartment in the CoH can act as cancer stem cells and give rise to HCCs/ICCs in liver tumor models (53, 54) and, if so, whether carcinogenesis from adult HPCs may underlie Notch regulation, remains to be proven. Moreover, inflammatory mediators (i.e. inducible nitric oxide synthase)-stimulated N1ICD expression was reported in human ICC (55) , further indicating that persistent activation of Notch signaling may play an oncogenic role depending on modifier factors, such as the inflammatory field or the presence of other carcinogenetic conditions, potentially giving rise to either HCC with stem cell features or to ICC.
Metabolic aspects of Notch
Recent data show that Notch participates in liver glucose and lipid homeostasis (56, 57) . Pajvani et al demonstrated that Notch regulates both hepatic glucose metabolism and lipid production through FoxO1 and AKT/mTORC1. Combined haploinsufficiency of FoxO1 and Notch1 in diet-induced insulin resistance, as well as liver-specific knockout of Rbp-Jκ increased insulin sensitivity, whereas Notch1 gain-of-function caused insulin resistance in a FoxO1-dependent manner and induced glucose-6-phosphatase expression (56) . Increased hepatic lipid content is a consequence of insulin-resistance and can be induced by activation of mTOR. Inhibition of Notch with several strategies blocked mTOR activity and prevented hepatosteatosis. Conversely, Notch gain-of-function caused fatty liver through constitutive activation of mTorc1 and of Srebp1c-mediated lipogenesis. Pharmacological blockade of Notch signaling with GSIs increased insulin sensitivity and hepatosteatosis in vivo (57) . Thus, Notch signaling could be a target for therapeutic modulation of liver metabolism in diabetes and hepatosteatosis. Preliminary data indicate that pharmacologic Notch inhibition also reduces steatohepatitis in a model not associated to insulin-resistance. Furthermore, Notch inhibition is able to reduce the associated HPC/DRs expansion and fibrosis, thereby targeting the metabolic defect and the pathologic repair in NASH (Strazzabosco, unpublished observation).
Translational perspective
First described about 5 decades ago, as the Notch locus in Drosophila, Notch is now recognized as a major player to steer developmental interactions and in liver biology and pathophysiology. Notch controls important aspects of liver homeostasis, metabolism, and vascular physiology and also regulates HPC specification and orchestrates the reparative remodeling of the biliary tree. Furthermore, persistent activation of Notch may lead to HCC and/or ICC.
Although several aspects of these functions remain to be fully understood, these findings provide an intriguing rationale for investigating Notch-based therapies in patients with liver diseases and cancers. GSIs efficiently inhibit Notch signaling and are effective in mouse models of fibrosis, however, GSIs are not cell-selective, neither system-specific and possess a considerable toxicity profile. General inhibition of Notch signaling may have deleterious side effects (58) , thus a more precise identification of the potentially relevant Notch receptor(s) and factors is needed. More selective monoclonal antibodies against Notch receptors and ligands are being developed and may potentially be effective in a subset of liver cancers. However, there is no data available that prove the efficacy of pharmacological Notch inhibition in HCC/ICC animal models. Moreover, the chances of success of Notchtargeted strategies depend on a variety of factors, context-, cell type-dependent, and diseasespecific; in addition, interactions with other pathways and post-transcriptional Notch modifications will likely determine the biological outcome of Notch-targeted treatments. Finally, identification of the tumor-initiating cellular compartment(s) may have major impact for treatment. Currently, treatment decisions in case of ICC are largely based on histological features, likely intermingling hepatocyte-and biliary-/HPC-derived ICCs. However, though phenotypically indistinguishable, these entities derived from different cellular compartments with different molecular background may well require different therapy regimens. Nevertheless, as considerable gaps of understanding of Notch signaling in adult liver disease remain, the effects of therapeutic modulation of Notch activation status in liver repair and carcinogenesis are largely speculative at the current stage. In contrast, the cell-and time-specific mechanisms of Notch action shown in ALGS should allow the testing of the therapeutic of gene complementation of cells therapy, aslo considering that bile duct morphogenesis and maturation extends beyond birth.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (B) Some effects of Notch signaling were found to be independent from canonical ligands and/or from RBP-Jκ-mediated transcription that may or may not require cleavage of Notch ('non-canonical' Notch signaling). Furthermore, at virtually all stages of the Notch signaling cascade, interactions of components of multiple other signaling pathways are found that may influence Notch turnover, non-nuclear signaling, or modulate RBP-Jκ-dependent orindependent transcriptional pathway activity (3, 59) . The best-characterized ligand/RBP-Jκindependent Notch pathway involves the regulation of Wnt/β-catenin signaling. The Notch and Wnt/β-catenin pathway have long been known to interact in multiple and even opposing ways. In a very simplified view, the synergistic interactions between Notch and Wnt/βcatenin depend on RBP-Jκ-mediated canonical signaling, whereas the antagonistic effects are mediated by ligand/RBP-Jκ-independent Notch signaling. Several hypotheses have been proposed to explain this non-canonical mechanism, including binding and degradation of activated β-catenin by plasma membrane-bound Notch involving interaction with proteins such as Numb, Numb-like, and α-Adaptin. (12, 20, 21) and (2./3.) is required for proper morphogenesis and maturation of the intrahepatic biliary tree (7, (10) (11) (12) 14) . (4./5.) Notch signaling may also contribute to biliary injury repair by regulating expansion and morphogenesis of ductular reactions and bile ducts (30, 31) . (6./7.) Further, Notch has been proposed to function as the key signaling pathway to destine the cellular fate of adult liver progenitor cells either towards the biliary (Notch activation) or hepatocyte lineage (Notch suppression) both, in liver regeneration (30) and carcinogenesis (46) . (8.) Notch has also been shown to be capable to reprogram adult hepatocytes to biliary cells (17, 35) that may give rise to intrahepatic cholangiocarcinoma (37, 38) . (9.) Further, data support a role for Notch in hepatocyte regeneration after partial hepatectomy (24) and hepatocellular carcinoma development arising from the hepatocyte compartment (47, 48) .
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Figure 3. Normal embryonic development of the intrahepatic biliary tree and consequences of alterations in Notch signaling
(A) Embryonic development of the intrahepatic biliary tree starts with the differentiation of a subset of Notch2+ periportal hepatoblasts expressing biliary lineage defining proteins such as Sox9, HNF1β, OPN, or CK19. These cells, committed to the biliary fate, encircle the Jag1+ portal mesenchyme in a mono-layered ring, called the 'ductal plate', for review see (22, 23) . In a second step, lumina arise at distinct sites of the ductal plate that are lined asymmetrically by biliary cells of the first ductal plate layer (portal side) and hepatoblasts (parenchymal side). Later, during development, this asymmetry of immature ducts resolves when the duct-lining hepatoblasts maturate to biliary cells (second ductal plate layer) by loosing HNF4α and gradually expressing Hes1, OPN, SOX9, HNF1β and CK19. This twostep specification process in IHBD tubulogenesis is observed in mice and humans and starts at around E15.5 and W12 respectively. Because IHBD development proceeds from the hilum to the periphery, mature symmetric ducts are first observed at the hilar region when more peripheral IHBDs may still display asymmetric tubules beyond birth before completing their remodeling program by around P2 (12) . Thus, differentiation of hepatoblasts to biliary cells represents the main mechanism for intrahepatic biliary morphogenesis in the embryonic and early postnatal period. (B) Bile duct development is disturbed in Notch mutants. At P10, panCytokeratin+ mature bile ducts are well incorporated in the mesenchyme of medium size portal tracts in wildtype mice. In contrast, P10 mice with conditional deletion of Notch2 (N2 F/F ;AlbCre) or RBP-Jκ (Rbpj F/F ;AlbCre) lack mature bile ducts due to impaired perinatal IHBD morphogenesis/ elongation. Conversely, conditional expression of the intracellular domain of Notch2 in embryonic hepatoblasts (R26 N2IC ;AlbCre) directs commitment of embryonic hepatoblasts to Table 1 Selected genetic mouse models investigating the role of Notch and associated pathway in liver development.
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